Abstract Volumetric analysis of the kidney parenchyma provides additional information for the detection and monitoring of various renal diseases. Therefore the purposes of the study were to develop and evaluate a semi-automated segmentation tool and a modified ellipsoid formula for volumetric analysis of the kidney in non-contrast T2-weighted magnetic resonance (MR)-images. Three readers performed semiautomated segmentation of the total kidney volume (TKV) in axial, non-contrast-enhanced T2-weighted MR-images of 24 healthy volunteers (48 kidneys) twice. A semi-automated threshold-based segmentation tool was developed to segment the kidney parenchyma. Furthermore, the three readers measured renal dimensions (length, width, depth) and applied different formulas to calculate the TKV. Manual segmentation served as a reference volume. Volumes of the different methods were compared and time required was recorded.
There was no significant difference between the semiautomatically and manually segmented TKV (p = 0.31). The difference in mean volumes was 0.3 ml (95% confidence interval (CI), −10.1 to 10.7 ml). Semi-automated segmentation was significantly faster than manual segmentation, with a mean difference = 188 s (220 vs. 408 s); p < 0.05. Volumes did not differ significantly comparing the results of different readers. Calculation of TKV with a modified ellipsoid formula (ellipsoid volume × 0.85) did not differ significantly from the reference volume; however, the mean error was three times higher (difference of mean volumes −0.1 ml; CI −31.1 to 30.9 ml; p = 0.95). Applying the modified ellipsoid formula was the fastest way to get an estimation of the renal volume (41 s). Semi-automated segmentation and volumetric analysis of the kidney in native T2-weighted MR data delivers accurate and reproducible results and was significantly faster than
Introduction
The prevalence of chronic kidney disease is rising, especially in developed countries. The costs for treatment are a constant challenge for public healthcare [1] [2] [3] [4] [5] . There is an urgent need for fast, reliable, and cheap biomarkers for the evaluation of renal function that can open the gates to new therapies.
It is widely known that the number and volume of glomeruli give information about the individual predisposition for the development of kidney disease and hypertension [6, 7] . Although no in vivo method for determining the number and size of glomeruli currently exists, the volume of the renal cortex or the volume of the entire renal parenchyma could possibly be used as a surrogate marker for the number or the size of the glomeruli. Therefore, kidney volumes are a relevant parameter for epidemiological studies. Segmentation and volumetric analysis of the kidney parenchyma also provides additional information for the detection and monitoring of renal diseases, such as nephritis or hydronephrosis [8] . A simple estimation for the volume of the kidney can be obtained from length measurements of the kidney using different imaging modalities such as sonography, computed tomography (CT), or magnetic resonance (MR) imaging. Previously published articles show that an ellipsoid formula applied to ultrasound measurements tends to underestimate the renal volume [9, 10] . MR examinations provide anatomical images with high spatial resolution and, therefore, are suitable for volumetric assessment. In recent years, dynamic contrastenhanced sequences have been used for the analysis of renal volume [11, 12] . The use of a contrast agent leads to an improved contrast between the renal cortex and medulla within the first minute after injection. In vivo measurements in animals and humans have demonstrated good differentiation between the entire kidneys and surrounding tissue [13] [14] [15] . In patients with severe renal insufficiency, the administration of contrast media is associated with the potential risk to cause nephrogenic systemic fibrosis. Therefore, the proposed segmentation tool was assessed with native MR images that usually have a limited contrast between the kidneys and the surrounding tissue, as well as the inner structures [15] [16] [17] . Hence, the potential to develop highly accurate semi-automated kidney segmentation in native MRI sequences is of interest.
The volume of internal organs is seldom determined in clinical practice because manual segmentation is time consuming. Therefore, tools for automated or semi-automated segmentation are needed. Different methods, such as thresholding, clustering, region growing, contour detection, or their combinations have been proposed [13, [18] [19] [20] [21] . For identification of the entire kidneys, MR images should offer a high contrast between the kidney parenchyma and the surrounding tissue (liver, spleen, gastrointestinal tract, muscle). However, in clinical practice, MR imaging of the abdomen does not include customized sequences for segmentation purposes.
Therefore, the purposes of this work are to develop a semiautomated segmentation tool and a modified ellipsoid formula for volumetric analysis of the kidney in non-contrast T2-weighted MR images and to evaluate the methods for their accuracy, precision, and time effort.
Materials and Methods

Patient Characteristics
This study included 24 healthy subjects (11 males, 13 females). The mean age of the subjects was 26 years (range 21-41 years). The mean body mass index for subjects was 21.8 kg/m 2 (range 18.9-24.8 kg/m 2 ). The study recruitment began on July 2015 and was completed using advertisements in local newspapers. The institutional review board of the University Hospital Erlangen/Germany approved the study. All study procedures that involved human participants were performed in accordance with the ethical standards of the institutional and/or national research committee using the 1964 Helsinki Declaration and its amendments and comparable ethical standards. Informed consent was obtained from all individual participants included in the study. MR examinations were performed in the Department of Radiology of the University Hospital Erlangen, Germany.
MR Imaging
In vivo measurements of healthy subjects were performed with a 1.5 T MR scanner (Magnetom Avanto, Siemens Healthcare GmbH, Erlangen, Germany) with the following parameters: T2 TSE sequence, without fat-suppression, orientation: transversal, TR 6206 ms, TE 88 ms, bandwidth 260 Hz/px, acquisition matrix 328 × 288 px, voxel size 0.98 × 0.98 × 4.4 mm 3 , spacing between slices 20%.
Manual Image Segmentation
The image segmentation was performed with Photoshop Extended (Version CS6, Adobe Systems, San Jose, CA, USA). Photoshop was chosen as the reference standard because every pixel is displayed as a single pixel with clear margins and not blurred with its surroundings to upscale to a virtual higher resolution. Images and metadata-like dimensions and data resolution were imported using the BDICOM File Import^dialog box. The entire kidney parenchyma was segmented from the surrounding tissues manually on the T2-weighted MR images using knowledge about the shape, location, and structure of the kidney. The contours of both kidneys were carefully drawn manually in each slice for each volunteer. Manual segmentation was performed by a final year medical student. A board-certified radiologist (6 years of work experience (M.H.)) supervised, verified, and corrected the segmentation where necessary. These delineations were considered as the reference volume outline. Manual segmentation was done with an Intel Quad Core at 3.6 GHz CPU.
Semi-Automated Segmentation
For semi-automated segmentation, dedicated threshold-based software (OsiriX Plugin) was developed by the authors. The software is obtainable from the Chimaera GmbH (Erlangen, Germany, http://www.chimaera.de/chimaera/home.html). The software contains a brush tool which performs a region analysis and determines the mean value inside a pre-defined stencil. Depending on the segmentation mode defined by the user, all pixels within the pre-set threshold above or below the mean value are potentially taken as candidate pixels to be segmented. A Bhigh intensity^segmentation mode expects that the anatomy to be segmented consists of higher intensity values compared to surrounding tissue. A Blow intensitym ode works in reverse. In order to process the noise reduction, a morphological filter is applied on the pixels inside the brush stencil in order to close Bholes^inside the region of interest. Furthermore, a connected region analysis is performed to ensure that only connected pixels are selected. The computation of these operations is done in real-time. The method operates on DICOM images. An example of a non-contrast T2-weighted MR sequence showing both kidneys before and after semiautomated segmentation is shown in Fig. 1 .
Three readers (one final year medical student and two radiology residents with 3 years of work experience) were instructed to segment the entire parenchyma of the kidney (cortex and medulla) in the axial images. The pelvis of the kidney was excluded. The center and window were adjusted by the readers to fit their preferences. For every kidney, a new segmentation was created, stored, and automatically analyzed. The segmentation time was recorded manually by the reader. To assess reproducibility, semi-automated segmentation was performed twice by every reader without knowledge of the results of their first segmentation. There was a 14-day interval between the two evaluations. The initial instruction of the readers took roughly 10 min. There were no test cases. Semi-automated segmentation was done with an Intel Quad Core 2.93 GHz CPU.
Measurement of Kidney Length, Width and Depth
The length (L), width (W), and depth (D) of each kidney were measured in the B3-D MPR^workflow in OsiriX by all three readers. The axes of the multi-planar reconstruction (MPR) were tilted to fit the renal orientation in situ. Measurements were performed parallel to the tilted axes. Exemplary measurements of a left kidney are shown in Fig. 2 .
Evaluation
For evaluation of the agreement of the optimized algorithm of the semi-automated segmentation and the reference volume, the volume error was calculated. The reliability between different readers and repeatability of two measurements performed by the same reader were calculated.
The following formulas for the volumetric analysis of renal dimensions were applied to the measurements.
The agreement between the reference volume and measured volume was calculated.
Statistical Analysis
The data are expressed as mean ± standard deviation. Data were checked for normal distribution using the Shapiro-Wilk test. Measurements were analyzed by two-tailed one-sample Student's t test. P-values and confidence intervals (95% confidence level) were calculated using SPSS software (SPSS Statistics v 20, IBM, Armonk, USA). Throughout the analysis, a two-sided p value of less than 0.05 was considered statistically significant. 
Results
On average, both kidneys were displayed, using 25.6 images (range 20 to 30).
The mean TKV was 141.6 ± 28.5 ml: 143.7 ± 26.9 ml for the left kidney and 139.6 ± 29.3 ml for the right kidney, 129.1 ± 25.9 ml for female and 159.6 ± 29.3 ml for male subjects (Table 1 and Fig. 3 ).
The volumes obtained by semi-automated segmentation did not differ significantly from the reference volume. The difference of mean volumes was 0.3 ml (95% confidence interval (CI): −10.1 to 10.7 ml; N = 288; p > 0.05, Fig. 4) . Repeated measurements by the same reader (reproducibility/ intra-reader reliability) showed no significant variability. The difference of mean volumes for this case was −0.4 ml (CI −10.8 to 10.1 ml; N = 144; p > 0.05). To check for interreader reliability, both segmentations of one reader were compared with the two measurements from the other readers. No significant difference between the measurements was found. The difference of mean volumes for this case was −0.2 ml (CI: −13.0 to 12.7 ml; N = 576; p > 0.05) ( Table 2 and Fig. 5 ).
For the calculation of the TKV, three anatomical distances of the kidney were measured (length, width, and depth) and a different formula was applied. The spheroid volume (V Sp = π/6 × L × D 2 ) formula was used for estimation of the TKV. This formula produced a measurement that was significantly different from the reference volume. The difference of mean volumes for this case was 85.0 ml (CI −113.4 to 283.5 ml; N = 144; p < 0.01). Furthermore, the difference of mean volumes of the readers was heterogeneous. Reader 1: 201.3 ± 48.9 ml, reader 2: 64.8 ± 48.5 ml and reader 3: −11.0 ± 39.7 ml. When we used the ellipsoid formula (V E = π/6 × L × W × D), the variation between measurement was lower; however, the volume was systematically too high. The difference of mean volumes in this case was 21.2 ml (CI −15.6 to 58.0 ml; N = 144; p < 0.01). Inter-reader variability was less in this case when comp a r e d w i t h t h e s p h e r o i d v o l u m e : R e a d e r 1 : 19.9 ± 22.1 ml, reader 2: 24.0 ± 18.0 ml and reader 3: 19.5 ± 14.3 ml. A linear regression of the ellipsoid volume against the reference volume yielded a modified ellipsoid volume equation of V ME = 1.95 + 0.86 × π/ 6 × L × W × D ml. This is approximately 15% lower than the ellipsoid volume. After correcting the ellipsoid volume by 15%, the mean difference was −0.1 ml (CI −31.1 to 30.9 ml; N = 144; p < 0.01) ( Table 3) . Detailed information is shown in Fig. 6 .
For the manual segmentation, the time required per kidney was 408 ± 105 s. The semi-automated segmentation took 220 ± 53 s and, therefore, was significantly faster. The estimation of kidney volume by measuring three distances took 41 ± 11 s and was again significantly faster than the semiautomated segmentation. 
Discussion
In this work, we developed a semi-automated segmentation tool and a modified ellipsoid formula for volumetric analysis of the kidney in non-contrast T2-weighted MR images. We also evaluated the methods for accuracy, precision, and time effort.
Semi-automated segmentation delivered accurate and reproducible results. Measuring the kidney in three dimensions and applying different formulae to calculate the volume of the kidney yielded varied results, while a modified ellipsoid formula (result of the ellipsoid formula minus 15%) provided the most accurate results.
In recent years, a number of studies of renal volumetric segmentation have been reported [8, 18, 22] . Because of the fact that different modalities, sequences, and tools were used and that there no reference volume was used, comparison of their results is not always possible or useful. The manually determined volume of the kidney of 141.6 ± 28.5 ml for both kidneys in healthy subjects is slightly lower than the values that were previously reported.
Cheong et al. have shown a single kidney volume of 202 ± 36 ml for men and 154 ± 33 ml for women [23] , excluding the pelvis and vasculature. They compared an ellipsoid volume with manual disk summation segmentation. Contrary to our study, their ellipsoid formula underestimated the renal volume. In reverse, one might argue that their manual segmentation overestimated the volume. Gloger et al. recently presented a fully automated kidney segmentation algorithm of customized 3-D non-contrast-enhanced MR images acquired with a T1-w VIBE sequence [24] . They reported a volume error of 7.5% for the right and 10.7% for the left renal parenchyma. Tang et al. reported an agreement between automated and manual segmentation of almost 90% for the renal pelvis [18] . Will et al. presented an automated segmentation algorithm for renal cortex, medulla, and pelvis based on noncontrast-enhanced T1-and T2-weighted MR images [25] .
The proposed semi-automated segmentation approach was able to further reduce the volume error to roughly 3.5%. Depending on the setting, i.e., a short-term follow-up of this reduced error might be of clinical importance. We used axial slice orientation because it provided minor partial volume effects in the kidneys [26] . Nevertheless, axial slice orientation requires the acquisition of more slices to cover the entire kidneys at the given slice thickness. This leads to Fig. 4 Left: Agreement of total kidney volume determined by semi-automated segmentation and manual segmentation. Results are itemized for the three readers. Right: Bland-Altman plots of the difference of measurements plotted against the mean total kidney volume a longer acquisition time, which potentially causes problems with the breath-hold capacity. It was reported that when using coronal or sagittal slice orientation, breathing movements showed a lower through-plane component compared with axial slice orientation [27] . The reduction of partial volume effects is crucial. It is possible to completely remove breathing artifacts in the routinely used T2-weighted imaging; because of this, axial slice orientation was considered the best choice.
The three readers segmented all kidneys twice. Compared with the reference volume, there was no significant difference in mean volumes (0.3 ml) with an average error of 5.2 ml. Repeated measurements by the same reader and comparison with different readers showed no significant difference in mean volumes (−0.4/−0.2 ml) and had a similar average error of 5.2/6.4 ml. This error is likely the result of inconsistent margin segments because partial volume measurements depend on the readers' visual perspective. It is unlikely that a refinement of the segmentation tool will be able to compensate for this error. Rather, the MR image quality, contrast, and resolution have to be improved for an even more reliable segmentation of the kidney volume.
To simplify the volumetric analysis of the kidney, we also tried fast measurement of the renal dimensions. Length, width, and depth were measured by three different readers. We tried to avoid potential problems of vague landmarks for the measurement of the width (including the hilus and pelvis) and, therefore, applied a spheroid volume by squaring the depth of the kidney. The range of mean volume differences was 375 ml and therefore was roughly 2.5 times the renal volume. Furthermore, a scatter plot of the spheroid volume (V Sp ) over the reference volume (Fig. 6) shows that the calculated volumes appear to be random instead of correlating with the reference. One reason may be the measurement error; the depth is squared in the formula and small errors of this distance have a high impact on the volume. Another reason might be the physiological difference in shape of the kidneys, in some aspects the width and depth were nearly the same (5.2/ 5.9 cm) while in others the ratio was 4.4/8.1 cm. This approach did not yield reliable results. Viewing the kidney as an ellipsoid (V E = π/6 × L × W × D) shows a good correlation with the reference volume; however, it overestimates the renal volume systematically by approximately 15%. This was expected because the generated geometrical volume included the pelvis, the bean-like shape of the kidney, and parts of the perirenal fatty tissue. Because the renal pelvis is not part of the metabolic activity of the kidney, it was not included in the segmentation approach.
To compensate for those tissues, we subtracted the correction factor of 15% that was obtained empirically by linear regression. Using this corrected equation, the difference of mean volumes was only −0.1 ml.
Creating a reference volume by manually marking every pixel in every image that included parts of the kidney and calculating the volume was the most time-consuming way to segment the kidney (408 s). Semi-automated segmentation was on average 188 s faster. The time needed for the segmentation depended on the quality of the image, especially on the contrast and moving artifacts. The fastest way to get a rough estimation of renal volume was by measuring the anatomical distances and applying the modified ellipsoid volume equation for the volume (41 s). However, the mean volume error of 15 ml was still three times higher than the mean volume error of the semi-automated segmentation of only 5 ml. Depending on the clinical question, this rough estimation of renal volume might still be sufficient.
An advantage of the presented algorithm is that it works with native MR data. In clinical abdominal MR imaging, T2-weighted images are usually acquired. The proposed tool can be used even retrospectively in the vast majority of MR examinations.
In a clinical practice setting, radiologists may use different software packages to display, evaluate and interpret radiological examinations. OsiriX MD is a stand-alone software and is certified for medical use, FDA cleared, and CE II labeled. Hence, radiologists may use OsiriX MD to interpret radiological examinations. If radiologists use different software for image interpretation, OsiriX can be implemented on the workstation (Mac, Apple, Cupertino, CA, USA). Images can be imported from the PACS (Picture Archiving and Communication System). An additional workstation is needed if you do not use a Mac for image interpretation. The spheroid volume (V Sp ) scatters widely without any visible correlation to the reference volume (V R ). The ellipsoid volume (V E ) shows a better correlation. The volume of the renal pelvis and the hilus of the kidney were included in this geometrical calculation and the volumes were systematically too high. To compensate for this and to estimate only the parenchymal volume, we calculated the modified ellipsoid volume (V ME ) by subtracting 15% from V E (V ME = V E × 0.85). Compared with the fast measurements and volume estimations, the semi-automatic volume has the highest correlation and the narrowest confidence interval Our study faces some limitations. As mentioned above, partial volume effects due to finite slice thickness and overlapping with other organs lead to an error during the calculation of the volume [26, 28] . Because scan time is limited due to the breath-hold phase, a relatively coarse voxel size of 0.98 × 0.98 × 4.4 mm 3 was used. A higher image resolution would improve the volumetric results and diminish the effects of the imprecise volumetric calculation, especially for the first and last slices for both manual and semi-automated segmentation. It is known that a correct determination of the border of the pelvis in native MR images may be challenging. Imaging was performed at 1.5 T. Higher field strength might improve the spatial resolution and contrast of the different tissues, which might improve the segmentation results. The images were obtained with a relatively long TR of 6206 ms. As mentioned above, artifacts due to respiratory motion can influence the accuracy and precision of volumetric measurements. T1-weighted images or gradient echo sequences have a shorter TR and might therefore improve image quality. We segmented the renal parenchyma as a whole. Additional studies could be conducted that focus on the difference between the cortex and the medulla.
The presented semi-automated segmentation algorithm was evaluated with images obtained from healthy volunteers. Therefore, additional research needs to be performed to show how reliable the algorithm works with data from patients with a potentially lower contrast between renal parenchyma and surrounding tissues or with urinary obstruction. Naturally, diseases that lead to changes of the T2 signal may affect the volumetric segmentation of the renal parenchyma. In the investigated cohort, none of the kidneys exhibited a cystic or solid lesion. These lesions may also reduce the reliability of the proposed tool. Further studies could be conducted including patients with solid or cystic kidney lesions.
Conclusions
Semi-automated segmentation and volumetric analysis of the kidney in native T2-weighted MR images deliver accurate and reproducible results in healthy volunteers. This process enables a significantly faster volumetric analysis than manual segmentation, can be easily implemented in the clinical routine, and offers non-invasive assessment and monitoring of the kidney parenchyma volume in routinely acquired MR images. Further research needs to be done to show how well the proposed algorithm works with pathologic kidneys presenting a potentially affected contrast between renal parenchyma and surrounding tissues.
Measuring the kidney in three dimensions and applying different formulas to calculate the volume of the kidney yields heterogeneous results, while a modified ellipsoid formula (result of the ellipsoid formula minus 15%) provides accurate results.
